Abstract-This paper presents the study and analysis on the impacts of the insertion of a damper circuit in an LCL passive filter utilized to filter DC/AC inverter's output voltage. The damper is used to reduce peak resonance on its frequency response curves. The existing resonance frequency can make the filtered inverter output voltage become weak and unstable. One of existing solutions to overcome this problem is proposed by using of a damping resistor. Damping method can be applied using various configurations. However, this paper only discussed two damping configurations, namely series and parallel damping configuration. We use three criteria to analyze the impacts of the damper circuits, i.e. its capability of reducing total harmonic distortions (THDs), to maintain the output voltage and to improve output power of the inverter. Theoretically, the damper can reduce its peak resonance frequency. However, in any circumstance, it can potentially reduce the inverter's power, voltage output amplitude, and cannot improve its THD reduction.
I. INTRODUCTION
Encouraged by the increase of electricity demands, the decrease of the fossil fuels supply and the need for cleaner environments, nowadays, the utilization of renewable energy sources becames more important to optimize. One of the strategic renewable energy sources for countries located near the equatorial areas is solar or sunlight. Research in the area of solar-cells or photovoltaics have been conducted, which are focused on the improvement of their energy efficiency.
Solar-based power plants have been established in many areas and countries. There are some important components of a solar-based power plant. One of them is inverter. Inverter is an electric device that works to change or convert direct currents (DC) to be alternating currents (AC). It is an important component in a renewable-energy-based power plant, since most of renewable energies have DC power outputs. There many challenging problems in designing an inverter. One of them is the output voltage tendency, which cannot become pure sine wave as expected due to the existence of harmonic distortions. One of the ways to suppress the harmonic distortion is by adding a passive filter coupled to the output terminal of the inverter. Based on our previous study, among many other passive filters, such L, LC, LLCL, etc., LCL filter has better capability to suppress harmonic distortion. However, by adding an LCL passive filter to the output terminal of an inverter can cause an appearance of peak resonance frequency. This phenomena can make the inverter system unstable and its performance becomes weak. Therefore, to suppress the resonance effect of the LCL passive filter, a resistive component as damper is inserted into the filter circuit. The resistive component inserted to the LCL passive filter is called as a resistive damping. In this study, LCL passive filter with resistive damping tested with resistive loads. The criteria used in this study are the capability of LCL passive filter with resistive damping in reducing the harmonic distortion, maintaining the maximum output voltage amplitude and average output power of inverters.
II. RELATED WORKS AND PREVIOUS STUDY
Due to the need for reducing total harmonization at the inverter output voltage, a passive filter is accordingly required. LCL passive filter is one of filter types that has a good ability in reducing harmonics. However, the LCL filter has one drawback, i.e. the occurrence of resonance effect. Therefore there is one solution to overcome the resonance effect, i.e. by using a damping method. The following points presents a short reviews on the analysis and design of passive filters for inverter circuits: 1. Passive filter for harmonic mitigation has many variations in term of the circuit form and the difference of order. Some of them are L, LC, LCL and LLCL filters. 
A. General DC/AC Inverter Configuration
A solar-based power plant can be established for home or stand alone or grid-tied purpose. Figure 1 (a) presents a block diagram of a stand alone solar power plant. The battery is used to store the energy. Hence, it can be used at night or non daylight condition. Since the battery stores DC power, then an inverter is used to convert it to be AC power. Figure 1 (b) presents the schematic of the inverter in Hbridge configuration, where its input terminal is connected to a battary and its output terminal connected to a fillter and load. The inverter is controlled by an electroic control unit (ECU). The ECU generates a sinusoidal pulse-width modulation (SPWM) signal pattern to the gate terminals of four power MOSFET in the inverter circuit. The correct SPWM signal will generate an amplified SPWM output voltage at the output terminal og the inverter circuit. Since the output voltage contains many harmonic distortions, then a filter is required to suppress them. Filter can be divided into active and passive filters. In common, the active filters are rerely used. One of the famous passive filter is LCL filter [3] . The use of LCL filter remains peak resonance effect that can potentially reduce inverter stability. Hence, a damper element is needed to overcome the dominant negative impact of the resonance.
B. LCL Passive Filter with Damping Configuration
One solution to overcome the resonance effect is by using damping method. There are several methods of damping that are used nowadays. But in this paper, we discussed just two configurations, i.e. series damping and parallel damping circuit configuration. Series damping method is applied by using an additional resistor as a damper element, which is inserted in series with the capacitor of the filter. In Figure 2 (a), we can see the schematic circuit of the LCL passive filter using damper resistor Rd inserted in series with the capacitor (C1) in the filter circuit schematic.
The additional damper resistor Rd, which is potentially able to reduce resonance effects, can also be inserted into the LCL Filter in in parallel configuration. Figure 2(b) shows the schematic circuit of the LCL passive filter using damping resistor inserted in parallel with the capacitor C1 in the filter circuit schematic.
III. ISSUES, OBJECTIVE AND CONTRIBUTION

A. The Issue: The Resonance Effect
LCL passive filter is one of passive filters that widely used to reduce the percentage of THD. LCL filter has better capability in reduce THD than L filter. However, the grid impedance that is reflected back to the side of the converter is very less. Therefore, if the resonance point increase, then it will cause continuous oscillation and make the whole system to be very weak and unstable. This resonance effect can cause instability of voltage or current near by the resonance frequency [2, 7] .
B. The Used Measurement Criteria
In our study, we use three criteria to measure the filter performances. The criteria consists of the capability of LCL passive filter (with and without damper) to reduce its total harmonic distortion (THD) contained in the filtered inverter output voltages, to maintain the output voltage amplitude, and to obtain better output power of the inverter circuits.
C. Research Objectives
In this study, LCL passive filters with and without damping resistor configuration were analysed by using various resistive loads in a certain range. The LCL passive filters, with and without damper, were analysed by comparing their performance in term of the related aforementioned criteria. In our study we also compared two types of damping configuration, namely the series and parallel damper configurations.
We modeled the circuits in SPICE program, and then simulated their performance based on the criteria mentioned in Section III.b. Based on the those models and simulation results, we would analyse and measure the impacts of the damper on the inverter performance by three metrics, i.e. THD, output voltage (V) and output power (Watt). We also analyse by simulation, the stepped damping resistor values and simultaneously simulate the time-domain transient responses of the output current, output voltage, power as well as their average output power. The simulation is made in order to find suggested damping resistance values (should the damper were used) for their application on inverters.
D. Our Contribution
Several research and review papers have presented that the use of a few passive filters causes the existence of a peak resonance frequency [3, 5, 7] , which potentially reduce the inverter stability. The previous works mostly used damping resistor, inserted into the filter circuit. However, the previous works did not consider other important factors or side effects of the damper insertion and the detail damping resistance values suitable for the inverters in any application.
Our paper presented the analysis of the inverter's passive filter with damping resistor configuration, which is in series and/or in parallel with the capacitor in the filter circuit. Three criteria (the aforementioned important factors) are used to analyse, i.e. the THD, voltage amplitude and output power of the inverter. This paper also contributes to the suggestions on the damping resistant values selection in order to improve the THD, output voltage and average output power of the inverters. Those criteria are very important to design DC/AC inverter products having competitive features in markets.
IV. THE SIMULATION RESULTS
In our works, we modeled the inverter circuit, its passive filters with and without damping resistors in SPICE (Software Package or Simulation Program with Integrated Circuit Emphasis), which is an industry standard computer program used to model electrical and electronic circuits. The output files and the probe of the simulation results are then plotted to use for further analysis. In the simulation we use L1= 75 mH, L2=5 mH, C1=124 µF, and Rd=50 Ω.
a. Series Damping Method
Resonance damping can be applied in two configurations. One of them is a series damping configuration. The configuration of the circuit can be seen in Figure 2(a) . Figure 3 shows the comparison of THD percentages achieved by the LCL filter's output with and without damping resistor. We can see that the LCL passive filter without damping can reduce the THD to be approximately less than 1%. While LCL passive filter that uses resonance damping circuit has greater percentage of THD which ranges from approximately 6 to 9%. Additional damper resistor make a greater impedance than the one which not using a damper. The use of damping resistor makes the passive LCL filter having lower capability to reduce its THD. Figure 4 shows the comparison of the output voltages of the LCL passive filter without damping and with damping in series. From the figure, it can be observed that the output voltage with damping resistor is much smaller than the output voltage of the LCL filter without damping resistor. We can also see from the figure that the output voltage of the LCL filter that uses damping, decreased until it reaches below 50V. However, this result is far from the expected value. The criteria in question expects that the output voltage of filter can reach 220V. Based on the result shown in Figure 5 , it can be seen that the output power using the LCL filter damping is much smaller than the output power of the LCL filter without damping. Figure 5 also shows that the output power of LCL filter with damping is only about 4 watts. While the output power of the LCL filter without damping can reach more than 20 watts. This results shows the same tendency with the voltage curve which has been presented in Figure 4 .
b. Parallel Damping Method
The parallel damping is one of the damping method which can be used to reduce the resonance effect. The schematic of parallel damping can be seen in Figure 2 (b). Figure 6 shows the performance comparison between the LCL passive filters with and without parallel damping based on the THD reduction capability criteria. From Figure 6 , we can see that the LCL passive filter without using parallel damping resistor can reduce the THD to be approximately less than 1%. While LCL passive filter using parallel damping, has greater percentage of THD, which ranges from approximately 11%. We can also see that the THD's percentage of LCL passive filter using parallel damping resistor cannot reach the THD's standards limit. Figure 7 shows the output voltage's comparison curve of LCL passive filter without damping and with parallel damping. From the figure, we can see that the output voltage by using a damping resistor is much smaller than the one without damping. It is a matter of resonance effects caused by LCL passive filter. With the additional damping resistor, resonance effects can be decreased. It can be seen from the figure that by using the damping resistor, the voltage output LCL filter is decreased until 8V. However, this is contrary to one of the criteria to be expected in this study. The criteria in question is the output voltage of filter which is expected to reach 220V. Thus, the use of a damper on the passive filter circuit can not be applied in this study. Figure 8 shows the output power of LCL passive filter with and without parallel damping. We can see that the output power of LCL Filter with damping is much smaller than the one without damping. Figure 8 shows also that the output power of LCL filter with parallel damping is only about 1 watt. While the LCL filter without damping can reach more than 20 watts. It gives the same tendency with the output voltage curve presented in Figure 7 . The output power of LCL passive filter with parallel damping is also much smaller compared with the output power LCL passive filter with damping series.
c. Transient Response Simulation
In this section, we will show the transient responses of the inverter with different damping resistor values for both the series and parallel damping configuration. For the damper element in series, the output current and voltage are higher for lower resistant values, As shown in Figure 9 , for 1Ω damper resistor value, the output current and voltage are higher than the other ones with higher resistant values.
Meanwhile for the damper in parallel, the output current and voltage are higher for higher resistant values. As shown in Figure 10 , for 500Ω damper resistor value, the output current and voltage are higher than the other ones with lower resistant values. Figure 11 presents the power and average output power of the inverter with the LCL filter and damper in series for different damping resistances, i.e. 1Ω, 50Ω, 100Ω, 500Ω. As shown in Figure 11 , for 1Ω damper resistor value, the power and the average output power are higher than the other ones with higher resistant values. Figure 12 presents the same case for the filter with damper element in parallel. For the damper element in series, the output power and the average output power are higher for lower resistant values, while for the damper in parallel, the output power and the average output power are higher for higher resistant values. As shown in Figure 12 , for 500Ω damper resistor value, the power and the average output power are higher than the other ones with lower resistant values.
We do not present the final steady-state conditions of the time-domain curves shown in Figure 9 -12. However, the steady-state points can be seen from the curves presented before (Figure 3-8) . 
V. CONCLUSIONS AND OUTLOOKS
Based on the simulation results by comparing the filter performance with and without damping elements on LCL passive filter, the side effects of the damping elements are described as follows: 1. Passive damping method with series configuration can reduce peak resonance frequency. In case of higher damping resistor values, the insertion of a resistor in series with the capacitor in the LCL filter circuit as a damper element has disadvantages of decreasing the filter ability in eliminating its THD. It also decrease in the output voltage and reduces the average output power. The output voltage and the average power however can be still improved by choosing lower resistance values, e.g. below 1Ω. 2. In case of lower damping resistor values, the insertion of damping element in parallel with the capacitor in the LCL filter circuit has drawbacks, i.e. decreasing the ability of the filter in reducing harmonics and decreasing the output voltage until it drop to around 8V with an average power around 1 Watt. Output voltage and average power however can be still improved by choosing higher resistance values, e.g. above 1kΩ. 3. Both damping methods (series and parallel damping) can indeed reduce resonance. However, in this study, the methods should be applied carefully because it potentially gives negative impacts on the THD, the maximum output voltage (voltage amplitude) and inverter's average output power.
The analysis and simulation results in this paper will open a new challenging problem, i.e. the invention of damping circuit (without resistors) that can deliver positive impacts on the peak resonance reduction and synchronously reduce the THD and maintain inverter output voltage amplitude and power efficiency.
